The land-sea surface temperature contrast on the western coast of Sumatra Island was examined using observation data obtained from the pre-Years of the Maritime Continent (YMC) field campaign from November to December 2015. Surface observations showed that, on most days, strong daytime solar radiation caused a pronounced diurnal cycle in surface air temperatures on the island, even during the local active phase of the Madden-Julian Oscillation (MJO). Sudden drops in surface air temperature occurred frequently on the island in the late afternoon and over the sea at nighttime, accompanied by precipitation. Temperatures on the island were higher than those over the sea during the daytime and lower in the night and early morning. Prior to the local active phase of the MJO, dual maxima in the land-sea surface air temperature contrast occurred in the evening and early morning. During the local active phase of the MJO, in spite of cloudy conditions, there were still large land-sea temperature contrasts during the daytime and in the early morning. In addition to the nighttime radiative cooling of the land surface, decreases in air temperature over the land due to precipitation cooling and the lower solar insolation in the MJO active phase caused the larger temperature differences in the morning. These results suggest that the decrease in air temperature caused by precipitation cooling had a substantial effect on the land-sea surface air temperature contrast on the western coast of Sumatra Island, particularly during an active phase of the MJO.
Introduction
The Maritime Continent consists of many large and small islands with a complex topography, surrounded by warm and shallow oceans. The difference in the heat capacity between the sea and land can have a great impact on the weather due to the formation of sea and land breezes. The most fundamental mode of atmospheric variability over the Maritime Continent is the diurnal cycle, which is generated by the land-sea temperature contrast Yamanaka 2016) . The Madden-Julian Oscillation (MJO) is the largest modulator of atmospheric intraseasonal variability in the tropics. The MJO has been demonstrated to influence weather over the Maritime Continent at various spatial and temporal scales.
The MJO influences tropical convection by providing an envelope of enhanced or suppressed convection. When an active phase of the MJO propagates eastwards from the Indian Ocean to the Maritime Continent, the MJO's influence on the diurnal cycle of convection causes considerable variations in precipitation over the islands and their surroundings (e.g., Peatman et al. 2014; Birch et al. 2016 , Wu et al. 2017 . Both the amplitude and phase of the diurnal cycle of rainfall on the island are modulated by the category of the MJO (Rauniyar and Walsh 2011) . Using satellite-derived brightness, temperature, and rainfall, Peatman et al. (2014) showed that MJO propagation throughout the Maritime Continent is not smooth, with gaps in the MJO envelopes aligned with the islands. Based on numerical simulations, Birch et al. (2016) explained the reasons for the differences in the mean rainfall anomaly over the land and sea by scale interactions between the MJO-related large-scale environment and mesoscale circulation.
The mesoscale circulation, that is, land-sea breezes, is a result of the differences in air temperature between the land and the adjacent sea that are driven by the unequal heating and cooling of land and sea surfaces. To study the scale interaction between the large-scale circulation and the thermally induced local circulations, observation data over both the islands and the seas are necessary. However, most of the previous observations of the diurnal cycles of wind and cloud activity in the Maritime Continent region have been conducted only on the islands (e.g., Wu et al. 2003; Araki et al. 2006; Wu et al. 2008) . There are insufficient observation data over the sea to verify the results of numerical simulations reported in previous studies. Exactly how the MJO interacts with local processes, such as sea and land breeze circulations, to influence precipitation over the region is not well understood.
To improve our understanding of convection over the Maritime Continent and its relation to the MJO and local atmospheric circulations, we performed intensive observations as part of the pre-Years of the Maritime Continent (YMC) field campaign on the western coast of Sumatra Island from November to December 2015. Land-based observations at Bengkulu on the western coast and ship-based observations over the sea off the western coast of the island were conducted simultaneously. A surface meteorological dataset with high temporal resolution was constructed for both the land and sea from these observations. The aims of the present study were therefore to examine the variations of air temperature over the western coast of Sumatra Island and to clarify the land-sea surface temperature contrast in an active phase of the MJO, using the observation data obtained from the field campaign.
Methods/Experimental
Land-based observations were conducted at Bengkulu on the western coast of Sumatra Island, and ship-based observations were conducted over the sea 50 km off the western coast (Fig. 1) . Surface meteorological observations, radar observations, and balloon soundings at intervals of 3 h were performed at Bengkulu Meteorological Observatory for 47 successive days from 9 November to 25 December 2015. The observation site is located on the coastal plain about 4 km from the shore, at an elevation of 16 m above sea level. Surface meteorological variables, including atmospheric pressure, temperature, relative humidity, wind direction and speed, rainfall, and global solar radiation, were measured at intervals of 1 min using an automatic weather station (MAWS 201, Vaisala, Finland) . Rainfall was measured by a tipping bucket rain gauge, with a sensitivity of 1 tip per 0.2 mm.
Stationary ship observations were made by the research vessel Mira at a fixed point 4°04′ 00″ S, 101°54′ 00″ E from 23 November to 17 December 2015. A Cband meteorological radar was used, and 3-hourly radiosonde observations were conducted. Surface meteorological parameters were measured by the Mirai Surface Meteorological observation (SMet) system and the Shipboard Oceanographic and Atmospheric Radiation (SOAR) measurement system. Air temperature and relative humidity were measured by thermometer sensors (HMP155, Vaisala, Finland) installed in the compass deck at 21 m altitude from the sea surface. Rainfall rate was measured by a capacitive rain gauge (Model-50202, R. M. Young, USA) and an optical rain gauge (ORG-815DS, Osi, USA) on the compass deck at 19 m altitude from the sea surface. Short-and long-wave downward radiations were measured by a radiometer (MS-802, Eko Seiki, Japan) on the radar mast. Sea surface temperature was measured by a thermometer (RFN2-0, Koshin Denki, Japan) at an inlet of 5 m depth from the sea surface. Data were collected and processed by a KOAC-7800 weather data processor made by Koshin-Denki, Japan. Details of the ship-based observations can be found in the MIRAI MR15-04 Cruise report (JAMSTEC 2016) . The present study used data for the 
Results and discussion
Diurnal variations of surface air temperature, rainfall, and solar radiation on the western coast of Sumatra Island
The oceanic and atmospheric features in December 2015 indicated strong and mature El Niño conditions (e.g., Deser and Wallace 1990) . Sea surface temperatures were well above average across the central and eastern equatorial Pacific. Widespread enhanced convection developed across the central Pacific and suppressed convection over the Maritime Continent. Meanwhile, a positive Indian Ocean Dipole (IOD) event (Saji et al. 1999 ) occurred during the boreal summer and autumn in 2015 and then weakened rapidly. The Dipole Mode Index indicated a transition from the positive to negative IOD phase in December 2015. Sea surface temperatures were close to normal across the tropical Indian Ocean; seas to the west of Sumatra Island were warm, as usual.
During early December 2015, enhanced convection developed over the central Indian Ocean, while suppressed convection persisted over the Maritime Continent. Then, in mid-December, the MJO signal overcame the El Niño-Southern Oscillation background state over the Maritime Continent region. Enhanced convection developed and shifted east across the Maritime Continent and the westcentral Pacific, indicating a steady eastward propagation of the robust MJO signal. The MJO index (Wheeler and Hendon 2004) showed that the enhanced convective phase was centered on the western Maritime Continent from 13 to 22 December 2015 (Wu et al. 2017) .
The time series of hourly total rainfall, hourly averaged surface air temperature, and global solar radiation during the period from 23 November to 17 December 2015 are shown in Fig. 2 . Rainfall occurred at Bengkulu on 17 days during the 25-day observation period, i.e., on roughly 2 out of every 3 days. Prior to the local active phase of the MJO until 12 December, most of the rainfall occurred over a short time period of 1 to 2 h during the late afternoon and evening. Meanwhile, a daily maximum hourly mean global solar radiation greater than 800 W m −2 was observed on most days, although on 8 December, daily maximum values of less than 400 W m −2 were recorded. On days with rain, strong solar radiation was still observed because rainfall occurred mostly during the late afternoon and evening.
The typical diurnal cycle of surface air temperature and precipitation at Bengkulu on the western coast of Sumatra Island is shown for 25 November and 1, 3, and 15 December 2015 at time intervals of 1 min in Fig. 3 . The daily minimum air temperature was observed at about 0600 LT on these days, and the temperatures increased rapidly from about 0700 LT, i.e., soon after sunrise. The daily maximum air temperature occurred during the several hours before and after noon. The air temperature remained high during the daytime, with short time fluctuations. Then, a sudden drop in the air temperature occurred in the late afternoon, starting about 10 min before precipitation was observed at the observation site. The air temperature decreased rapidly from about 29 to 24°C in under 30 min, and thereafter, the air temperature remained at around 24°C during and after the precipitation. Daily maximum air temperatures above 30°C and daily minimum air temperatures below 24°C were observed during the observation period.
November and December are in the annual rainy season of the region (Hamada et al. 2002) . In the mid-latitudes, diurnal variations in surface air temperature are usually weak during the rainy season because cloud cover prevents the land from heating rapidly in the daytime and cooling rapidly at night. However, the situation in the near-equatorial area of western Sumatra Island is unique. As described previously, before the active phase of the MJO, rainfall on the western coast of the island occurs mostly over a short time in the late afternoon and evening. The sky is almost cloudless over most areas of the island in the morning and early afternoon, even on days with heavy rain. Strong solar radiation was observed on most days, with the result that surface air temperature increased greatly during the morning hours. During the local active phase of the MJO, i.e., 13 to 17 December 2015 (except for 16 December), surface air temperatures at Bengkulu still displayed a clear diurnal cycle, with a maximum occurring during the several hours before and after noon.
Previous studies have shown that when the MJO main convective envelope is over the Indian Ocean, rainfall and its diurnal cycle over the land in the Maritime Continent reach their maxima due to an increase in the atmospheric instability caused by strong solar insolation in the clearer skies and moistening environment (e.g., Fujita et al. 2011; Peatman et al. 2014; Birch et al. 2016) . During the daytime, the upslope winds driven by diurnal heating at the slope surface of the mountains on Sumatra Island reinforce the sea breeze, with the result that a notable thermally induced local circulation develops on the western coast on a daily basis, frequently resulting in convection over the island at similar times in the afternoon (Wu et al. 2003; Wu et al. 2009 ). Wu et al. (2017) examined the occurrence and movement of convection over the island prior to and during an active phase of the MJO in December 2015, using radar observation data obtained from the pre-YMC field campaign. Their results showed that prior to the active phase of the MJO in early December, convection with heavy rain occurred regularly over Sumatra Island in the afternoon and migrated westward to the sea west of the island in the evening. Results from surface meteorological observations in the present study showed strong solar radiation and the regular occurrence of precipitation on the island in the late afternoon prior to the beginning of the local active phase of the MJO until 12 December (except for 8 December), which is consistent with the results reported in previous studies. After 13 December, during the passage of the active phase of the MJO, convection frequently shifted eastward from the Indian Ocean to the island, whereas afternoon convection over the island was suppressed because of strong prevailing winds and lower solar insolation. The daily average amount of rainfall observed at Bengkulu during the local active phase of the MJO was less than that before its arrival.
Summarizing the results of this section, during the study period, strong solar radiation caused a clear diurnal cycle in surface air temperatures on most days on the western coast of Sumatra Island, even during an active phase of the MJO. The daily maximum air temperature occurred during the several hours before and after noon, with the minimum occurring in the early morning, before sunrise.
Diurnal variations of sea surface temperature, surface air temperature, rainfall, and solar radiation over the sea off the western coast of Sumatra Island
The time series of hourly total rainfall, hourly averaged sea surface temperature (SST), surface air temperature, and global solar radiation observed over the sea onboard the research vessel Mirai from 23 November to 17 December 2015 are shown in Fig. 4 . Hourly mean sea surface temperatures greater than 29°C were observed throughout the observation period, with an average SST of 29.7°C over the whole observation period. Before the active phase of the MJO, i.e., until 12 December, there were continuous fluctuations in the SST, and an hourly SST greater than 30°C was frequently recorded. Subsequently, in the local active phase of the MJO, the SST decreased gradually from 29.6°C on 13 December to 29.3°C on 16 December. The decrease in sea surface temperature was attributed to the strong prevailing winds and lower solar insolation during this period. During the passage of the active MJO over the Maritime Continent from 13 to 22 December, westerly wind bursts were observed in the region (Wu et al. 2017 ). These strong winds increased evaporation from the sea surface, which in turn led to a decrease in the SST. Meanwhile, a lower than normal daily maximum hourly mean global solar radiation was recorded from 13 to 16 December (except for 15 December), due to the cloudy conditions in the active phase of the MJO. On 17 December, the SST increased during the daytime due to the strong solar radiation and weaker near-surface wind. On 15 December, solar radiation was relatively strong while SST remained low, which suggests that strong winds may contribute greatly, although detailed evaluation on the relative roles of solar radiation and wind is necessary for further verification. Rainfall was observed onboard the research vessel Mirai on 21 days during the observation period of 25 days. Prior to the local active phase of the MJO, most of the rainfall occurred near midnight over a period of 1 to 2 h. The daily maximum rainfall was observed around 2300 LT on average, about 4 h later than at Bengkulu on the western coast of Sumatra Island. Strong solar radiation was observed on most days, even those with heavy rain. On days with rain, strong solar radiation was still observed because rainfall was concentrated mostly after sunset. On these days, there was a daily maximum hourly mean air temperature of around 29°C, about 1.0°C lower than that over the land.
The temporal variations of surface air temperature and precipitation observed on the research vessel Mirai off the western coast of Sumatra Island for four consecutive days, from 10 to 13 December 2015, are shown in Fig. 5 . From Fig. 5 , it can be seen that a sudden drop in air temperature occurred from the late afternoon to nighttime prior to the local active phase of the MJO, accompanied by the occurrence of precipitation at the observation site. After the rain stopped, air temperatures increased gradually. Then, the air temperatures dropped again when the next rainfall event occurred. If the drop in air temperatures was caused by radiative cooling of the sea surface, the decrease in air temperatures should have continued until the following morning, because radiative cooling would continue throughout the nighttime. The increase in air temperature was due to the air being heated by the warm water, because during the nighttime, there was no solar irradiance to heat the sea surface. On 13 December 2015 when the active phase of the MJO passed over the Maritime Continent, a drop in surface air temperature occurred during the daytime, corresponding to the occurrence of precipitation. Therefore, it is reasonable to conclude that the variations of surface air temperature over the sea were caused by a drop in temperature associated with precipitation, and the subsequent increase in temperature resulted from heating by the warm water. Figure 6 shows a comparison of the diurnal changes in the surface air temperature observed at Bengkulu on the western coast and over the sea onboard the research vessel Mirai, before and during the local active phase of the MJO. Surface air temperatures on the island displayed a clear diurnal cycle both before and during the active phase of the MJO. In contrast, air temperatures over the sea varied little within a day, with the lowest temperatures The decrease in air temperature over the sea in the afternoon and evening during the active MJO corresponds to the increased rainfall in the afternoon and evening. Wu et al. (2008) investigated the diurnal cycle of convection over western Kalimantan (Borneo) Island and the adjacent seas. Their results suggest that the evaporative cooling from convection associated with rain, which frequently occurs in the afternoon on the island, causes a rapid drop in air temperature in the lower atmosphere in the evening. This produces a strong temperature contrast between the land and the sea, with lower temperatures occurring over the island. As mentioned previously, before the onset of the active phase of the MJO, rainfall on Sumatra Island frequently occurred over a short period of time in the late afternoon and evening. Similar decreases in air temperature in the evening caused by evaporative cooling associated with rain occurred over the western coast of Sumatra Island (Wu et al. 2009 ). Therefore, the rapid drop in air temperature over the sea at nighttime can be attributed to precipitation cooling of the lower atmosphere.
To summarize, the air temperature decreased over both the land and sea during an active phase of the MJO. However, air temperatures during the early morning hours over the sea varied little before and during the active MJO. A sudden drop in air temperature frequently Surface air temperature differences between the land and the sea on the western coast of Sumatra Island before and during an active phase of the MJO A time series of air temperature differences between the land (at Bengkulu) and the adjacent sea (onboard the research vessel Mirai) from 23 November to 17 December 2015 is shown in Fig. 7 . Although air temperature decreased during the local active phase of the MJO (Figs. 2, 4 , and 6), the land-sea air temperature contrasts during the active MJO (13-17 December) were almost the same as those before the onset of the active MJO. Except for the 2 days of 8 and 16 December, higher temperatures were observed on the island than over the sea during the daytime. On these 2 days, rain occurred on the island in the morning and continued throughout the afternoon, with a daily maximum hourly mean global solar radiation of less than 500 W m −2 on the island (Fig. 2) . The cloudy conditions prevented the land from heating up rapidly during the daytime, and the sustained rain cooled the land surface. On the other hand, a higher temperature over the sea occurred from night until the early morning on all days during the observations. Figure 8 shows a comparison of the diurnal changes in air temperature differences between the land and sea, before and during the local active phase of the MJO. It can be seen that before the onset of the active MJO, a dual maxima of higher surface air temperatures over the sea compared to over the land occurred in the evening and early morning. As described previously, before the local active phase of the MJO, rainfall frequently occurred on the island in the late afternoon and evening. The large decreases in air temperature in the evening on land were caused by rain evaporative cooling of air in the low troposphere and cooling of the land surface by precipitation (Wu et al. 2008; Wu et al. 2009 ). As a result, there was a higher maximum air temperature over the sea than over the land in the evening. On the other hand, before the onset of the active MJO, the higher maximum temperatures over the sea than over the land in the early morning were considered to result from the nighttime radiative cooling of the land surface. During the active phase of the MJO, in spite of the cloudy conditions, there were still large temperature contrasts during the daytime and in the morning. The temperature difference in the morning during the active phase of the MJO was even larger than that before the onset of the active MJO, i.e., 3.2 and 2.6°C, respectively. In an active phase of the MJO, enhanced convection develops. The cloudy sky would then prevent the land from heating up rapidly in the daytime and cooling off rapidly at night. Therefore, it would be expected that the air temperature contrast between the land and the sea would be weaker. This is true in the mid-latitudes, where land-sea temperature differences are the result of daytime solar heating and nighttime radiative cooling of the land surface. However, the situation in the nearequatorial area of western Sumatra Island is a little different. As shown in Fig. 6 , air temperatures on the land from late night to early morning during the active MJO were lower than before the onset of the active MJO, over both the land and the sea, due to precipitation cooling and the lower daytime solar insolation. However, there was still a clear diurnal cycle in the air temperatures over the land in the active MJO. On the other hand, because of the higher heat capacity of water, sea surface temperatures greater than 29°C continued during the active phase of the MJO (Fig. 4) . Air temperatures over the sea changed little during the early morning hours in the active MJO, while air temperatures decreased over the land. As a consequence, the temperature differences in the morning during the active MJO were larger than those before the onset of the active MJO.
The large temperature differences between the land and sea with lower temperatures occurring on the island during the night to early morning in an active phase of the MJO would induce strong offshore land breezes on the coast, because the strength of the land-sea breezes is directly proportional to the temperature difference between the land and the sea. A stronger offshore land breeze during the active MJO compared to before the onset of the active MJO was observed in the early morning (not shown) during the pre-YMC field campaign, which probably caused wind divergences in the lower troposphere, suppressing convection over the island. Further studies based on numerical experiments with the aid of atmospheric circulation models are needed to reveal the detailed physical mechanism by which the MJO interacts with local processes, such as the sea and land breeze circulations, to influence precipitation over the region.
Conclusions
This study investigated surface air temperature over the land and adjacent sea of the western coast of Sumatra Island and the land-sea surface temperature contrast before and during an active phase of the MJO using observation data obtained from the pre-YMC field campaign from November to December 2015. Over the land, although air temperatures decreased during the local active phase of the MJO, on most days, solar insolation enabled a clear diurnal cycle in air temperature to develop. A sudden drop in surface air temperature frequently occurred on the island in the late afternoon and over the sea at nighttime, due to precipitation cooling. While there was a higher temperature over the island than over the sea during the daytime on most of the days, there was a lower temperature over the island from the night to early morning.
Before an active phase of the MJO, a dual maxima of higher surface air temperatures over the sea compared to over the land occurred in the evening and early morning. The higher air temperature over the sea than over the land in the evening was caused by a decrease in air temperature over the land due to precipitation cooling. Then, during the local active phase of the MJO, under cloudy conditions, there were still large temperature contrasts during the daytime and in the early morning. Unlike in the midlatitudes, in the near-equatorial area in addition to the nighttime radiative cooling of the land surface, the decrease in air temperature over the land due to precipitation cooling and the lower solar insolation in the local active phase of the MJO caused large land-sea temperature contrasts in the morning. These results suggest that the decrease in air temperature caused by precipitation cooling had a substantial effect on the land-sea surface air temperature contrast on the western coast of Sumatra Island, particularly during an active phase of the MJO.
This study examined the land-sea surface temperature contrast on the western coast of Sumatra Island using surface observation data obtained from the pre-YMC field campaign. Evaporative cooling associated with precipitation is expected to produce deeper layers of cool air in the lower troposphere than radiative cooling of the land surface, which will cause stronger land-sea breezes. Therefore, further studies are needed to elucidate the profile of the land-sea temperature contrast in the lower troposphere caused by precipitation cooling using balloon sounding data from the pre-YMC field campaign.
